This paper proposes a new admittance realization control system based on feedforward compensation for highstiffness environments. In conventional admittance realization control systems, the poles of the control system can be designed using any design method. However, zeros are placed on the right side of the dominant pole in the pole placement diagram when the environmental stiffness and viscosity values are large. These zeros placed on the right side of the dominant pole deteriorate the frequency response.
Introduction
In industrial applications, actuators such as robots are widely used for positioning (1) (2) . In an ideal position control system, an infinite force is generated owing to the position determination errors and infinite control stiffness. Because cooperative and contact motion with humans is rarely considered in position control systems, these actuators are used primarily for numerical control machines in closed areas.
Recently, robots have been considered for use in a variety of settings in which both people and environment are taken into account. Service robots have also been developed for cooperation with humans in the medical and welfare fields. In the industrial setting, robots have been designed for assembly, polishing, and cutting. Force control methods and implementation of mechanical impedance have been widely studied for industrial technology systems. Force control systems (3) (4) with zero stiffness have also been used for freely controlling the actuator force based on the environmental reaction force feedback. Therefore, when an actuator is in contact with its environment, safety motion is achieved without damaging the environment.
In contrast, the displacement of a virtual spring-damper system is applied to the actuator motion corresponding to the external force at the time of contact. Thus, parts fitting and thread fastening tasks are realized on the basis of the flexibility implemented in the actuator. Approaches to implementing mechanical impedance are generally categorized into two types: force-control based impedance control systems (5) - (7) and position-control based admittance control systems (8) - (10) . Impedance control is used in many existing systems, such as * Nagaoka University of Technology 1603-1, Kamitomioka, Nagaoka, Niigata 940-2188, Japan assembly robots, because such systems do not require implementing high-stiffness environments.
On the other hand, techniques that require implementing high-stiffness environments are proposed. The surgical training simulators, using virtual reality technology, are developed in the medical field (11) - (13) . This simulator provides an operator with haptic sensations that have very different degrees of environmental stiffness, e.g., reflecting organs and bones. In addition, methods for storage and reproduction of environmental haptic sensations are proposed by using realworld haptic information (14) (15) . However, the poles placements of the impedance control systems are moved toward the direction of an imaginary axis when these systems reproduce high-stiffness environments. Hence, large force vibrations are generated by the poles on the imaginary axis. In contrast, all poles of the admittance realization control systems are designed on the real axis. Thus, the admittance realization control systems reproduce mechanical impedance of high-stiffness environments without force vibrations. Meanwhile, zeros are placed dependently in the admittance realization control system when the control parameters are determined by using the denominator polynomial. The zeros are placed on the right side of the dominant pole in the poles placement diagram when the environmental stiffness and viscosity values are large. These zeros, placed on the right side of the dominant pole, deteriorate the frequency response.
Here, this paper proposes a new admittance realization control system for high-stiffness environments, based on feedforward compensation. The proposed system places zeros at the desired frequency. Because the zeros are placed on the left side of the dominant pole, the frequency response in the high-frequency domain is improved. The validity of the proposed method is confirmed by experiments and analysis.
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One of the critical applications of the proposed mechanical admittance realization control is a surgical simulator, which is capable of imitating organs and bones of a patient. In the case of the surgical simulator, the mechanical impedance (hardness) should be precisely provided to surgical operators. Compared with the conventional system, the proposed admittance realization control finely reproduces the mechanical impedance. Thus, the proposed method is useful for the surgical simulator.
Mechanical Admittance Realization Control
This section describes the conventional admittance realization control system for implementing the mechanical impedance to an actuator.
Definition of Control Target
The control target of the admittance realization control system is described by
where, the desired mechanical impedance of the environment Z e (s) is given by
where d e and k e denote the environmental viscosity and stiffness coefficients, respectively. The designers of the control system is able to set to the arbitrary value for the stiffness k e and the viscosity d e . On the basis of settings of k e and d e , the mechanical admittance realization control artificially imitates the spring stiffness and the damping viscosity.
Control System
The block diagram of a general admittance realization control system is shown in Fig. 1 , where f , x,ẋ, andẍ denote the force, position, velocity, and acceleration, respectively. In addition, M and K f in Fig. 1 denote the actuator mass and force constant, respectively. The subscript n denotes the nominal value. The superscripts ext, dis, cmd, ref , and res denote the external, disturbance, command, reference, and response values, respectively. Aˆac-companying any variable represents an estimate of that variable. This system reproduces the environmental impedance based on the position control. In Fig. 1 , the position controller C p (s) is defined as where K p , K v denote the proportional gain and differential gain of the position controller, respectively. In addition, g pd represents the bandwidth of the pseudo differentiator. Robust acceleration control (16) - (18) is realized by using a disturbance observer (DOB) (19) - (22) , whereas the force response is estimated by using a reaction force observer (RFOB) (23) - (25) without a force sensor.
In Fig. 1 , the transfer function of the position response x res from the external force f ext is derived as
where G obs (s) that indicates the transfer function of a disturbance observer and a reaction force observer, is given by
where, g obs denotes the bandwidth of the disturbance ob- (4) is represented as
The poles are divided into two types: the pole affected by the environmental parameters s + 
Thus, the admittance realization control system realizes the desired mechanical impedance characteristic when the pole
is dominant pole.
Derivation of Control Parameters
In (6), determination of the following parameters is required.
• Bandwidth of disturbance observer g obs • Proportional gain of PD position control system K p • Differential gain of PD position control system K v
In this paper, these control parameters are theoretically determined by the poles placement method (26) (27) . In (6), the denominator polynomial of the poles that are independent of the environmental parameters is given by
The polynomial of the desired poles placement is given by
where, g p indicates the desired pole. When the denominator polynomial (15) is compared with (16), the control parameters are determined from
Issue
Zeros are placed according to (18) when the control parameters are determined by using the denominator polynomial.
In addition, zeros are placed on the right side of the dominant pole in the poles placement diagram when the environmental stiffness and viscosity values are large. These zeros placed on the right side of the dominant pole deteriorate the frequency response.
Proposed Admittance Realization Control System Based on Feedforward Compensation

Control System
The block diagram of the proposed admittance realization control system is shown in Fig. 2 . When K f = K fn , M = M n , the DOB and the RFOB shown in Fig. 2 are treated as G obs (s) denoted in (5). Therefore, the block diagram in Fig. 2 is transferred to a equivalent block diagram shown in Fig. 3 . The structure of the proposed system includes a compensation term associated with the external force.
In Fig. 2 , the transfer function of the position response x res from the external force f ext is derived as
where C FF (s) indicates FF compensator. When zeros of the control system are two order, C FF (s) is given by
where K ffp and K ffd denote the proportional gain and differential gain of the PD-FF compensator, respectively. 
The denominator polynomial (a 3 s 3 +a 2 s 2 +a 1 s+a 0 ) describes the same configuration as in (6).
Determination of Feedforward Parameters
• Proportional gain of PD-FF compensator K ffd • Differential gain of PD-FF compensator K ffp In the proposed method, these parameters of the PD-FF compensator are determined by the placement of zeros. In addition, the control parameters K p , K v , and g obs determined in Subsection 2.2 are used in the proposed system.
At first, the desired numerator polynomial is defined as
where, g z indicates the desired zero. The desired numerator polynomial is compared with the numerator polynomial of the proposed system by using
Therefore, the parameters of the PD-FF compensator are determined from Since the parameters k e and d e used by the feedforward gain calculation in (27) and (28) are completely equal to the parameters k e and d e in the admittance realization controller, the parameter variation does not occur against k e and d e .
Numerical Simulations
The validity of the proposed method is assessed by simulations. The control parameters are determined by using the poles placement method in both systems. In addition, the zeros are placed at the desired frequency by using the proposed method. Table 1 shows the setup parameters that are used in the simulations and experiments. For the simulations, the environmental parameters of the numerical models are given by These parameters of the environmental model have been preidentified by using the method of least squares. In this paper, the aluminum model is treated as a high-stiffness environment.
Frequency Responses
The poles and zeros placements are shown in Figs According to Fig. 4 , in both systems the zeros are placed on the left side of the dominant pole. Thus, Fig. 6 shows that both systems realize the frequency response of their desired environments.
However, in the high-stiffness environment, the zeros of the conventional method are located on the right side of the dominant pole. Therefore, the frequency response of the conventional method deteriorates in the high-frequency domain. On the other hand, with the proposed method, the zeros are placed at desired frequency. Because these zeros are placed at the desired frequency by the FF compensator, the frequency In Fig. 9 , the proposed system improves the frequency In future, the problem affected by the pseudo differentiator will be solved.
Simulation Results
For the simulations, the environmental parameters are defined by (29) and (30) are used. The configurations of the control systems are illustrated in Figs. 1 and 2 . In this paper, the external force are given by
where, command2 is treated as high-frequency input. As mentioned in Section 2, the relation between the force f ext and the position x res is expressed as (1), when the mechanical impedance Z e (s) consists of the spring k e and damper d e . In the simulation results, the ideal position deformation x i in the time domain is calculated by
Simulation results of the both mechanical admittance realization control systems in the sponge model are shown in Figs. 10 and 11 , respectively. In both figures, the blue lines indicate the ideal response, whereas the red lines show the response of the proposed admittance realization control system. In addition, the black lines indicate the response of the conventional admittance realization control system. Because both systems realize the environmental characteristics in their frequency responses, both systems reproduce the desired mechanical impedance.
Simulation results of the both mechanical admittance realization control systems in the aluminum model are shown in Figs. 12 and 13 , respectively. Because the frequency response of the conventional method is deteriorated, the reproducibility of mechanical impedance is deteriorated in the conventional system, as shown in Fig. 12 . Meanwhile, the proposed method improves the reproducibility of the mechanical impedance.
Experiments
An experiment for confirming the validity of the proposed method is conducted by using a linear motor, and is described in the following section.
Experimental Setup
The experimental setup of the admittance realization control system is shown in Fig. 14 . The desired mechanical impedance (29) and (30) are implemented by using both methods. In the present work, the external force is provided by a force-controlled input motor. Both (31) and (32) are used as the input motor force commands. Table 1 shows the parameters that are used in the experiments.
Experimental Results
The frequency responses of the each system are shown in Figs The experimental performances of the aluminum model are shown in Figs. 19 and 20 , respectively. Because the frequency response of the conventional method is deteriorated, the reproducibility of mechanical impedance is deteriorated in the conventional system, as shown in Fig. 19 . Meanwhile, the proposed method improves the reproducibility of the mechanical impedance.
According to the simulation and experimental results shown in Fig. 9 and Figs. 16, 20 , the magnitude and phase difference between the ideal and the conventional system are (Fig. 19 ) High-frequency (Fig. 20 ) calculated as 16.8 dB and 111 deg, respectively. Therefore, the validity of the simulations and experiment is confirmed. Tables 2 and 3 indicate the standard deviation of errors. Where μ denotes mean value of theoretical responses. A σ denotes the standard deviation of the errors between ideal responses and experimental results of each system. In Table 3 , the proposed method improves the standard deviation of errors when the system reproduces high-stiffness model with high-frequency inputs.
Conclusions
In this paper, a new admittance realization control system for high-stiffness environments is proposed based on the feedforward compensation. In the conventional system, the poles of the control system are designed by using any design method. However, zeros are placed on the right side of the dominant pole in the poles placement diagram when the environmental stiffness and viscosity values are large. These zeros placed on the right side of the dominant pole deteriorate the frequency response.
In contrast, the proposed admittance realization control system uses feedforward compensator in order to design zeros at the desired frequency. Because the zeros are placed on the left side of the dominant pole, the frequency response of the high-frequency domain is improved. The validity of the proposed method is confirmed by analysis and experiments.
In future, the problem affected by the pseudo differentiator will be solved. Additionally, the condition that parameters of actuator are different with nominal value will be considered.
In the practical use, the nonlinear environment should be considered. The reference paper (14) proposes the abstraction and reproduction method of haptic sensations of nonlinear environment. Moreover, the reference paper (15) considers plastic deformation of a actual environment in the real world. Meanwhile, the paper (28) has proposed the storage and reproduction method of haptic sensations of a target object, which has the nonlinear stiffness and viscosity. In order to treat the nonlinear environment, the above methods will be combined
